The temperature dependence of the optical-absorption edge (Urbach edge) of GaAs is measured in semi-insulating and n-type GaAs (n=2X 10" cmm3) over the temperature range from room temperature to 700 "C. Both the optical absorption and the temperature are measured using a diffuse reflectance technique. The characteristic energy of the exponential absorption edge is found to increase linearly with temperature, from 7.5 meV at room temperature to 12.4 meV at 700 "C, for semi-insulating GaAs. The temperature dependent part of the width of the Urbach edge for semi-insulating GaAs is six times smaller than predicted by the standard theory where the edge width is proportional to the phonon population. 0 1995 American Institute of Physics.
INTRODUCTION
The optical absorption in a wide variety of semiconductors is found to increase exponentially with photon energy h Y in the absorption edge region just below the band gap.le4 The optical-absorption edge is an important quantity in the optical properties of semiconductors, in part because it controls the shape of the optical emission spectrum according to the principle of detailed balance. It is also a manifestation of the effect of structural and thermal disorder on the electronic properties of semiconductors that is not easily calculated theoretically.2*3 In crystalline semiconductors and insulators the characteristic slope of the exponential part of the absorption edge, commonly referred to as the Urbach edge, is found to be proportional to kT for temperatures above the Debye temperature, ' and is believed to be due to band tailing associated with disorder produced by thermal fluctuations in the crystal lattice. [2] [3] [4] Extensive measurements have been made on the opticalabsorption edge of GaAs at room temperature and below for material with different conductivity types and doping levels.5*6 However, the best existing data on the absorption edge is not good enough to resolve the temperature dependence of the Urbach edge of GaAs above room temperature.7 In Ref. 7 the authors conclude that the width of the absorption edge is not temperature dependent above room temperature within the uncertainty of their measurements. At low temperatures, structure in the absorption edge associated with excitons and phonon transitions means that the absorption edge cannot be represented by a single exponential function. In this article we describe measurements of the exponential part of the absorption edge in semi-insulating and n-type GaAs from 50 to 700 "C and from 50 to 650 "C, respectively. There is renewed interest in the temperature dependence of the Urbach edge in GaAs because of recent developments in optical band-gap thermometry.*-"
DIFFUSE REFLECTANCE MEASUREMENT
The absorption measurements were carried out on GaAs wafers in the ultrahigh-vacuum (UHV) growth chamber of a Vacuum Generators V80H molecular-beam-epitaxy (MBE) ' )Also with the Department of Electrical Engineering. machine using diffuse reflectance spectroscopy (DRS).8-10 The experimental setup of the DRS technique is shown in Fig. 1 . In the DRS method, chopped white light from a tungsten-halogen lamp is focused onto the front surface of the GaAs wafer. Light transmitted through the wafer is diffusely reflected from a pyrolytic boron nitride (PBN) diffuser plate located 1 mm behind the wafer. The light that is scattered into the solid angle of the nonspecular detection system and transmitted back through the wafer is spectrally analyzed with a monochromator and a liquid-nitrogen-cooled InGaAs detector.
The nonspecularly reflected light from the wafer is imaged onto an adjustable aperture that blocks all the light except the light from the 1-cm-diam central part of the wafer. This procedure minimizes background light scattered from the wafer holder and reduces complications associated with spatial variations in the wafer temperature. In this particular wafer mounting configuration the temperature of the wafer is uniform to about +-1 "C over the central I-cm-diam area. lo The wafer is polished on both sides so that only a very small amount of light reaches the nonspecular detector by scattering from the front and back surfaces of the wafer.
Both the absorption spectrum and the temperature of the wafer were obtained from the DRS spectrum. The wavelength of the onset of transparency of the wafer is given by the absorption edge or band gap of GaAs which shifts toward longer wavelengths at higher temperatures. The knee of the DRS spectrum is a measure of the onset of transparency of the wafer and can be related to the temperature of the wafer through a calibration curve. The calibration curves for the knee as a function of temperature for semi-insulating GaAs and Si-doped n+ GaAs are given in Refs. 8 and 9.
The GaAs wafer and PBN diffuser plate are mounted on a MO wafer holder, which sits in front of a Ta foil heater. The wafer is radiatively heated by the heater foils and by the PBN diffuser plate which is partially transparent to the heater radiation. The heater is supplied with a constant input power and the measurements are performed at intervals of 5% power, starting with 0% power and ending at 80% power. Constant heater power maintains the wafer temperature stable to t-1 "C, in the steady state." Lock-in detection is used to discriminate against heater radiation that is transmitted through the wafer. At high temperatures the heater radia- tion is about an order of magnitude larger than the DRS signal.
To obtain the optical-absorption spectrum the DRS signal must be normalized to the optical throughput of the system. The optical throughput is measured by removing the wafer and recording the diffuse reflectance spectrum of the PBN diffuser plate at O%, 20%, 40%, and 60% heater power settings. Measurements at different temperatures are necessary because the diffuse reflectivity of the PBN is slightly temperature dependent. The DRS signal measured with the sample in place is then normalized to the optical throughput measured at the same heater power. For temperatures that fall between the calibrated heater powers a linear interpolation between the normalization curves for the two nearest calibrated points is used.
The wafers measured in this study were supplied by American Xtal Technology12 and were grown by the vertical gradient freeze technique. The unintentionally doped semiinsulating GaAs sample was a 117+3-pm-thick, 2-in.-diam, (lOO)-oriented wafer. The Si-doped, n-type GaAs sample was a 79+3-pm-thick, 2-in.-diam, (lOO)-oriented wafer, with a carrier concentration of 2X10'* cme3. Thin wafers were used in order to extend the measurements to the highest possible value of the absorption coefficient.
DETERMINATION OF ABSORPTION COEFFICIENT
We now explain how the absorption coefficient was determined from the DRS data. Of the light incident on the wafer a fraction T, is transmitted through the wafer and is diffusely scattered at the surface of the PBN diffuser plate. Of this light a fraction R, is scattered into the solid angle of the detector and a further fraction T, of this light is transmitted back through the wafer. This gives the leading term for the DRS signal neglecting multiple reflections as follows:
Here F(X) is the optical throughput of the system at the wavelength A. In this experiment the angle of incidence and the angle of detection are both 23" with respect to the wafer normal.
Since the index of refraction of GaAs is about 3.5 in the infrared wavelength region of these measurements, the path of the light through the wafer is about 6" from the normal. The increase in path length relative to normal propagation is less than the uncertainty in the thickness of wafer and we therefore assume that the path length of the ray passing through the wafer is equal to the thickness d. In this case the transmittance of the wafer T,,, is given by
Here R is the reflectivity at the GaAs-vacuum interface which is assumed to be equal to the normal incidence reflectivity. The temperature and wavelength variations in the reflectivity are small and opposing effects over the temperature and wavelength range of these measurements; the reflectivity is therefore assumed be constant, with R =0.3 1. Furthermore, the samples are sufficiently thick that Fabry-P&ot interference fringes are not observed at the spectral resolution required to resolve the absorption edge of GaAs.
Multiple reflections also occur between the back of the wafer and the PBN leading to the addition of the following power series to the DRS signal,
Here R, is the average reflectivity of the PBN which is assumed to be independent of temperature, and equal to 0.59.13 R, is the reflectance of the semitransparent GaAs wafer, (4) The reflections between the back of the GaAs wafer and the PBN occur at all angles and polarizations. Nevertheless for simplicity we will assume that the average reflectivity is the same as the normal incidence reflectivity and use the wafer thickness as the path length through the wafer.
From Eqs. (1) and (3) 
The DRS signal recorded with the wafer removed is, F(X)R, ; dividing Eq. (5) by F(X)R, we obtain the normalized DRS signal,
Equation (6) is quadratic in the term exp( 2 ad) -R2; expressing this term as a function of the measured quantity y and solving for (Y, the absorption coefficient in terms of the normalized DRS signal is obtained.
The normalized DRS signal as a function of wavelength for semi-insulating GaAs and n + GaAs are compared in sample. Note that the corner or knee in the spectra in Fig. 2 , where the diffuse reflectivity starts to rise, shifts to longer wavelengths with increasing temperature. This is due to the shrinkage in the band gap with temperature. Furthermore the reduction in the DRS signal at long wavelengths and high temperatures is caused by an increase in the subgap absorption at high temperatures. In the short-wavelength region, where the wafer is opaque, there is a small background signal which comes from residual diffuse scattering from the polished front surface of the wafer and from stray chopped light scattered elsewhere in the growth chamber that impinges onto the detector. This small background at short wavelengths is subtracted from the data to obtain the transmitted portion of the diffuse reflectance spectrum defined in Es. (6) .
The absorption coefficient as a function of photon energy is shown in Fig. 3 curves in Fig. 3 are as follows: (a) 58 and 52 "C; (b) 258 and 258 "C; (c) 435 and 426 "C; and (d) 631 and 632 "C for the semi-insulating and Si-doped GaAs samples, respectively. Both GaAs samples show the exponential Urbach edge behavior along with a weakly energy-dependent absorption at lower energies. The low-energy absorption in the n+ material is due to phonon-assisted interconduction-band transitions. 14 In the semi-insulating material the residual absorption below the band gap is due to deep levels associated with defects or impurities except at the highest temperature where absorption by free electrons and holes begins to be important.
The optical absorption in the exponential Urbach region can be expressed as15 a(hv)=ag exp where cu( h v) is the absorption coefficient, h v is the photon energy, E, is the characteristic width of the absorption edge, and E, is the optical band-gap energy. Here the band gap is defined as the energy at which the extrapolated absorption coefficient reaches CQ, In the case of GaAs, erg = 8000 cm-t is given by Pankove.
In order to find E,, the characteristic energy for the exponential part of the absorption edge, the slowly varying low-energy absorption must be subtracted from the data. This is accomplished by fitting a straight line to the absorption below the exponential edge and subtracting the extrapolated value from the absorption in the higher-energy Urbach region. The resulting corrected absorption in the lo-100 cm-' range, is then fit to Eq. (7). From this fit we obtain the optical band-gap energy E, and the Urbach slope parameter E,, as a function of temperature. Absorption data below 10 cm-' are not included in the fit because values below 10 cm-t are more sensitive to the approximations used in the scattering model and to uncertainties associated with the subtraction of the low-energy absorption. Similarly absorption values above 100 cm-t are also omitted from the fit as they involve low signal levels in the DRS spectrum and are therefore sensitive to noise and to the accuracy with which the background in the DRS experiment can be subtracted. The experimental optical band-gap energy and the Urbach parameter for both samples are shown in Figs. 4 and 5 respectively, as a function of temperature. The 7.5 meV Urbach parameter value for undoped GaAs at room temperature is in agreement with others, namely 6.7 meV in Ref. 5 and 7.7 meV in Ref. 7.
DISCUSSION OF RESULTS
The exponential absorption edge in crystalline semiconductors is believed to be due to fluctuations in the electronic energy bands caused by lattice vibrations. In the simplest model for the temperature dependence, E, is proportional to a temperature-independent term related to structural disorder plus a temperature-dependent term proportional to the phonon population. In the Einstein single oscillator model, where kc9 is an energy which describes the average phonon frequency for the lattice and So is a dimensionless coupling constant which describes the slope of E. as a function of temperature for T+w. The dimensionless parameter X describes the contribution of "frozen-in" structural disorder,17 to the width of the Urbach edge. In a well-ordered crystal we would expect X to be equal to zero. The temperature dependence of the optical band gap is proportional to the same phonon occupation factor and accordingly can be described by the same functional fotm4
where S, is a dimensionless coupling constant. In this equation the effect of the zero point motion is included in the zero temperature band gap E,(O). Since the temperature dependence of the band gap and the Urbach parameter Eo( T) have the same functional form, they can be related as where Ef is the temperature-independent Urbach focus and G is a proportionality constant that relates the temperature dependence of the band gap to the temperature dependence of the Urbach parameter. In terms of the previously defined parameters G = S,/So and Ef= Eg( 0) + GE,( 0). Substitution of Eq. (10) into Eq. (7) PIG. 7. The Urbach focus off scale at (5X10" cm-', 2.87 eV) and the exponential absorption spectra for Si-doped, t~=2XlO'~ cmT3 GaAs. The absorption curves shift to the left-hand side with increasing temperature. The temperatures for this series of curves are shown on the left-hand side. The existence of a focus is a mathematical consequence of the fact that the Urbach slope and the band gap both depend in the same way on the thermal occupation of the phonon modes. The large absorption coefficient at the focus reflects the fact that the slope of the Urbach edge is weakly dependent on temperature compared with the band gap and apparently has no other physical significance.
The optical band-gap measurements as a function of temperature for the semi-insulating material are fit with Eq. (9) using the known value for the zero temperature band gap'* (1.5 19 eV) and taking S, and 8 to be adjustable parameters. The resulting best fit value for 6, namely 8=263 K is in good agreement with the expected value of 270 K=0.75& where 19, is the Debye temperature of GaAs. This value for 8 is then used to fit the temperature dependence of the band gap of the n+ GaAs. In this case the zero temperature band gap and the dimensionless constant S, are used as the fitting parameters. The fits are indicated by the solid lines in Fig. 4 and the values of the fitting parameters are summarized in Table I .
The optical band gap for the n+ material is larger than the optical band gap for the semi-insulating material due to partial filling of the bottom of the conduction band by free electrons (Moss-Burstein shift)." From the relationship between the Urbach slope parameter and the band gap in Eq. (10) one would expect an opposite contribution to the band gap from structural disorder associated with the donor impurities. That is, one would expect the band gap of the n+ material to be smaller since the Urbach slope parameter is larger. The fact that the optical band gap is observed to increase with doping means that the band filling effect is larger than the structural disorder effect. Furthermore the difference in the S, values for the n+ and semi-insulating GaAs in Table I may be due in part to the additional temperature dependence of the bandgap of the n+ material associated with the temperature dependence of the Moss-Burstein shift.
From the value for @, determined as described above, we can fit the temperature dependence of the Urbach slopes for the semi-insulating and n+ GaAs using Eq. (8) with So and X as adjustable parameters. The fits are indicated by the solid lines in Fig. 5 and the best-fit parameter values are listed in Table I . Even though the semi-insulating GaAs sample is good quality single-crystal material, a nonzero X or "structural disorder" term is required to fit the temperature dependence of the Urbach slope. In this case we regard X simply as a parameter needed to fit the intrinsic temperature dependence of E, and do not interpret it as an indication of structural disorder. It is not clear whether other direct-gap III-V semiconductors have a similar temperature-independent component, since sufficiently accurate measurements of the temperature dependence of the Urbach parameter, have not been reported for other III-V semiconductors above room temperature.
CONCLUSIONS
We have made the first measurements of the temperature dependence of the width of the Urbach tail in GaAs above room temperature. In the temperature range from 300 to 950 K, the temperature dependence of the width of the Urbach edge of GaAs is found to be six times weaker than is predicted from the room temperature value, by the standard models.
